Composites of yttria-stabilized zirconia (YSZ) with Sr-doped LaCrO 3 (LSC) and Sr-doped LaMnO 3 (LSM) were prepared by impregnation of a porous YSZ matrix with aqueous solutions of the appropriate metal salts, followed by sintering to various temperatures. XRD measurements showed that perovskite phases formed after sintering at 1073 K, a temperature well below that at which solid-state reactions with YSZ occur. The conductivities of the LSC-YSZ and LSM-YSZ composites prepared in this way were maximized at a sintering temperature of 1373 K for LSC-YSZ and 1523 K for LSM-YSZ, although reasonable conductivities were achieved at much lower temperatures. The conductivities of the two composites increased much more rapidly with the content of the conductive oxide than has been found with conventional composites formed by mixing and sintering the oxide powders. The implications for using this approach to develop novel electrodes for SOFC applications are discussed. 
I. Introduction
T HE electrodes in solid-oxide fuel cells (SOFCs) are typically made from a composite of an electronically conductive material with an electrolyte oxide. For example, with electrolytes made from yttria-stabilized zirconia (YSZ), the conventional anode is a Ni-YSZ ceramic-metallic (cermet) composite. [1] [2] [3] In addition to maintaining porosity in the anode and providing a coefficient of thermal expansion (CTE) match with the electrolyte, the YSZ in the cermet extends the region into which ions can migrate, which increases the length of the three-phase boundary (TPB). A material commonly used for SOFC cathodes is a composite of YSZ with Sr-doped LaMnO 3 (LSM). 4 -8 Just as with the nickel cermets, YSZ in the LSM-YSZ composite provides a path for ion migration to extend the TPB region within the cathode. 9 Great care must be taken in the preparation of oxide composites, such as LSM and YSZ, so as to avoid solid-state reactions that lead to insulating phases. 10 -13 In general, the two oxide phases are fabricated separately, physically mixed, and then heated. 14, 15 The temperature must be high enough to sinter the ion-conducting component in the electrode to the electrolyte, 9 but this temperature must be low enough to prevent solid-state reactions between the two oxide phases. In the case of LSM-YSZ composites, sintering above 1523 K is recognized as leading to La 2 Zr 2 O 7 . 16 -18 Because YSZ powders do not sinter to a significant extent below ϳ1373 K, the conditions for achieving optimal electrode properties from oxide composites are rather limited. Indeed, it is not possible to prepare some oxide composites because the sintering temperature for YSZ is higher than the temperature at which solid-state reactions occur between the two oxides.
In our laboratory, we have developed a different approach to the fabrication of electrode composites to prepare copper-cermet anodes for SOFCs that convert hydrocarbons directly, without first reforming the fuel to H 2 and CO. 19 -23 Because Cu 2 O and CuO melt at 1508 and 1599 K, respectively, conventional methods for preparing Cu-YSZ cermets are not effective. Our approach has been to synthesize a highly porous YSZ that has been heated to high temperatures together with the electrolyte and then to add the copper by impregnation of the porous YSZ with soluble salts of copper. The metallic phase of the copper can be obtained in low-temperature sintering and reduction procedures, avoiding any solid-state reactions that can occur between CuO x and YSZ.
In this article, the results of a study in which a similar approach has been used to prepare composites of YSZ with LSM and with Sr-doped LaCrO 3 (LSC) are reported. LSC has been suggested for use in ceramic anodes, because it is stable and electronically conductive under reducing environments. 24 -27 LSC-YSZ composites can potentially combine the electronic properties of the LSC with the ionic conductivity of the YSZ in the same way as LSM-YSZ composites. The results indicate that this synthesis method prevents the formation of undesirable mixed oxides and forms composites with a structure different from that prepared by conventional methods, which suggests that the method is worth further investigation for the synthesis of electrode materials.
II. Experimental Procedure
The LSC-YSZ and LSM-YSZ composites were each prepared by two methods: method A involved conventional, physical mixing of the oxide powders, while method B involved impregnation of a porous YSZ matrix with metal salts. O (ACS 98.5%, Alfa Aesar). After the salts were dissolved in distilled water, the mixture was dried and calcined at 1073 K in air overnight. This powder was ground in a mortar and pestle in the presence of isopropyl alcohol, sintered in air at 1673 K for 4 h, and then ground again. The resulting powder was shown to have the correct perovskite structure using X-ray diffractometry (XRD). Finally, the LSM-YSZ and LSC-YSZ composites were prepared by physically mixing the oxide powders, uniaxially pressing them into wafers, and sintering the wafers to various temperatures.
To prepare composites by impregnation, method B, we first prepared a porous YSZ matrix using procedures that have been described elsewhere. 22 The journal thick, or formed into rectangular pieces, 2 mm ϫ 2 mm ϫ 10 mm. The YSZ wafers and rectangular pieces were sintered to 1823 K, which resulted in a porosity of 60%, as shown by the weight change of the sample after water immersion. 22 Either LSM or LSC was then added to the porous YSZ through impregnation of the YSZ with an aqueous solution containing the appropriate concentrations of the nitrate salts of lanthanum, strontium, and either chromium or manganese (Mn(NO 3 ) 2 ⅐xH 2 O, ACS 99.98%, Alfa Aesar).
Electrical conductivities were measured using the standard four-probe direct-current method. The samples were placed in a holder, and external platinum foils were attached to both ends. Current from an electrochemical interface (Model 1286, Solartron, Houston, TX) was passed through the samples while monitoring the voltage across the samples using a multimeter (Model 72-410A, Tenma). The conductivities were typically measured either in air or in humidified H 2 . For the LSM-YSZ composites, most of the samples were prepared from the rectangular pieces, while the results for the LSC-YSZ composites were obtained from the 600 m wafers. The phase and microstructure of selected samples were also investigated using XRD and scanning electron microscopy (SEM; Model JSM-6300LV, JEOL, Tokyo, Japan).
III. Results
Before discussing the structural and conductivity data for the LSC-YSZ and LSM-YSZ composites, it is important to establish that the mixed oxides prepared using method B have the conducting oxide within the porous YSZ matrix. In Fig. 1 , the porosities of the mixed oxides are shown for a series of materials with increasing amounts of LSM or LSC. The LSC-YSZ composites in Fig. 1 were heated to 1373 K and the LSM-YSZ composites were heated to 1523 K. For this data, the porosity of the composites was determined from the mass change after water immersion, 22 while the volume of either LSM or LSC was calculated from the mass of oxide that was added to the porous YSZ, using the bulk densities for LSM and LSC. The line in Fig. 1 is the expected change in porosity of the composite assuming the second oxide fills the pores. The fact that the experimental porosities agree with the calculated changes demonstrates that the second oxide remains in the pore structure following the heat treatments. If the LSM or LSC had left the YSZ pore structure, one would expect the porosities to change more slowly with the addition of the second oxide.
(1) LSC-YSZ Composites
Figures 2 and 3 provide SEM results for the LSC-YSZ composites made using the two methods. Figure 2 shows the mixed powder, with 48 vol% LSC, after it was sintered to 1373 K. (The volume percent is calculated based on the entire volume of the composite, including pores.) The material consists of relatively uniform particles, ϳ0.2 m in diameter, with a porosity of ϳ25%. In this sample, the YSZ and LSC particles are the same size and indistinguishable. Figure 3 shows the porous YSZ, before and after addition of LSC to a level of 40 vol% by impregnation of the porous YSZ with the lanthanum, strontium, and chromium salts. The porous, YSZ matrix ( Fig. 3(a) ) consists of smooth, relatively uniform pores, ϳ1-2 m in size. After impregnation, 0.2 m LSC particles are observed coating the YSZ walls, as shown in Fig.  3(b) . Obviously, the structure and connectivity of the LSC are very different from the composite sample made using method B. Figure 4 shows the XRD patterns following impregnation of the porous YSZ with the lanthanum, strontium, and chromium salts to a loading of 23 vol% LSC, after heating to increasingly higher temperatures. Peaks corresponding to the LSC perovskite phase (notably, those peaks at 41°, 46°, 58°, 68°, and 78°2) become apparent beginning at ϳ1073 K. These peaks become sharper after sintering above 1373 K, but a new peak at 31°, due to SrZrO 3 , appears at a sintering temperature of 1473 K. For temperatures below 1673 K, there are also several overlapping peaks in the region near 41°2, which are probably associated with chromium compounds, such as CrO, CrO 2 (OH) y , and Cr(OH) y . 28 To determine the optimal sintering temperature for obtaining the maximum conductivity from the composites, we measured the conductivities of 25 wt% LSC composites prepared by both methods as a function of temperature, with the results shown in Fig. 5 . For method B, this composition also corresponds to ϳ23 vol% LSC; however, the volume percent of LSC changed with sintering temperature for the sample made using method A, because the sample density changed (ϳ22 vol%). The samples were heated in air for 2 h at the indicated temperatures before the temperature was decreased to 973 K, and the conductivities were measured in air and humidified (3 mol% H 2 O) H 2 . For the composite made using method B, the conductivity increased with temperature to a maximum value at 1373 K, then decreased following sintering to higher temperatures. This was consistent with higher conductivity caused by the formation of the LSC phase up to 1373 K. The conductivity decreased at higher temperatures because of the formation of secondary, insulating phases. The conductivity of the composite formed at the highest temperature was sensitive to the gas-phase composition, while the composite formed at the optimal temperature of 1373 K was not sensitive. Because LSC remained conductive over a wide range of oxygen partial pressure (P O 2 ), the relatively high conductivity observed in air on the sample sintered to 1673K may not have been due to LSC.
For the 25 wt% LSC composite prepared using method A, the conductivity increased with increased temperature, up to 1673 K, and there was not much difference between the conductivities measured in air and in H 2 . The reason for increased conductivity with sintering temperature was different in this case, because the conductive LSC phase already had been formed before it was mixed with YSZ. For this sample, increased temperature increased the density, which in turn improved the connectivity of the conductive phase. The rather small increase in conductivity that was observed between 1373 and 1673 K probably was due to counteracting effects, and the formation of secondary phases decreased the conductivity and densification increased the conductivity. Figure 6 shows the effect of composition on the conductivity of the LSC-YSZ composites. All the samples were sintered to 1373 K for 2 h before their conductivities were measured in air and humidified H 2 at 973 K. The samples prepared using method B showed reasonably high conductivities at relatively low volume fractions of LSC. This was almost certainly due to the structure of the impregnated composites, in which the LSC coated the walls of the YSZ matrix.
For the samples prepared using method A, the conductivity was low until the volume fraction of LSC reached ϳ80%. The fact that such a high weight fraction of LSC was required, much higher than would be expected based on percolation concepts, was due to the low density of these powders after they were sintered at 1373 K. This is shown in Fig. 7 . Here, the densities of the samples used for the data in Fig. 6 are plotted as a function of composition, along with a line that shows the theoretical density of a nonporous composite of LSC-YSZ. Obviously, the composites with Ͻ80 vol% LSC are highly porous.
(2) LSM-YSZ Composites
The structure of LSM-YSZ composites prepared by impregnation of the nitrate salts of lanthanum, strontium, and manganese 
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was very similar to that observed for the related LSC-YSZ composite. Figure 8 is a micrograph of a 28 vol% LSM-YSZ composite after it was sintered to 1523 K, prepared using a porous YSZ support similar to that shown in Fig. 3(b) . Again, small LSM particles were observed coating the walls of the YSZ matrix. While we do not show micrographs of LSM-YSZ composites prepared using method A, we observed that the composites prepared by method A were essentially dense after heating to 1523 K, with porosities Ͻ3%. Figure 9 shows the electrical conductivity at 973 K, in air, of a 28 vol% LSM-YSZ composite prepared using method B, as a function of sintering temperature. Similar to what occurred with the LSC-YSZ composites, the conductivity reached a maximum with sintering temperature. However, the maximum conductivity was now considerably higher and was achieved at ϳ1523 K. The absolute change in conductivity was relatively small in this case, and the conductivity of the composite was already quite high at 1073 K. The optimal temperature, 1523 K, was approximately the recommended temperature for sintering LSM-YSZ composites, prepared using traditional methods, for use as SOFC cathodes. 29 To better understand the structures that resulted in this conductivity, XRD measurements were performed on a sample prepared by impregnation of porous YSZ to a loading that corresponded to 28 vol% LSM, after it was heated to various temperatures. These results are shown in Fig. 10 . Peaks at 23°, 33°, 41°, 47°, and 58°2
, associated with the perovskite phase, appeared at 1073 K. Small peaks due to the La 2 Zr 2 O 7 phase (29°, 48°, and 57°2) were observed at 1523 K, and these continued to grow with increased temperature. It seemed likely that the increase in conductivity of the sample in going from 1073 to 1523 K was due to increased crystallinity of the LSM phase with sintering; the decreased conductivity at higher temperatures was due to the formation of the insulating La 2 Zr 2 O 7 phase. Figure 11 provides the conductivities of LSM-YSZ composites, prepared by both methods, as a function of LSM content. The samples prepared using method A were sintered to 1523 K for 2 h; conductivities were reported for impregnated samples that had been heated to either 1073 or 1523 K. Several interesting observations could be drawn from this data. First, unlike the LSC-YSZ composites, the LSM-YSZ composites prepared using the traditional, mixed-powder method were reasonably dense, with porosities Ͻ3%, and they exhibited high conductivities at reasonable LSM contents. Indeed, the conductivity of the composites prepared using physical mixing increased rapidly at an LSM concentration of ϳ28 vol%, which was the expected value for percolation in random media. Second, as we observed with the LSC-YSZ composites, the conductivities of the impregnated samples were much higher at the low LSM contents because of formation of particles on the porous, YSZ walls. Third, the conductivities of the LSM-YSZ composites formed using method B were already high after being sintered to only 1073 K. The obvious implication was Fig. 7 . Densities of LSC-YSZ composites prepared from the mixed powders after they were sintered at 1373 K. Data are plotted along with the calculated density assuming no porosity. that reasonable electronic properties could be obtained with very low processing temperatures.
IV. Discussion
Recent interest in decreasing the operating temperature of SOFCs has led to renewed investigations into alternative cathode materials. For example, Sr-doped LaFeO 3 (LSF) and Sr-doped LaCoO 3 (LSCo) exhibit superior performance as SOFC cathodes compared with LSM. 30 -33 However, because these materials react with YSZ at temperatures lower than that necessary for synthesis of the cell, it is usually necessary to avoid contact between YSZ and either LSF or LSCo by incorporating an additional material in the cathode as a barrier. 32, 33 Even without changing the material, the performance of LSM-YSZ composites can be significantly enhanced by tailoring the microstructure. 34 The formation of oxide composites by impregnation of the components of one oxide into a porous matrix of the second oxide presents interesting opportunities for the optimization of composition and microstructure in oxide composites and clearly deserves additional investigation.
Regarding composition, the work in this article demonstrates that conductive, perovskite phases can be prepared for LSM and LSC below 1073 K. This temperature is low enough that solidstate reactions should not present problems. Because this temperature is similar to the operating temperature of an SOFC, it may not be necessary to have a separate sintering step to form the composite. Furthermore, the LSM and LSC phases are formed below 1073 K without the use of special precursors to promote mixing of the metal cations that make up the perovskite structures; 34 the salts used in this study have been chosen simply for their solubility and price. Finally, it is likely that the doped LaFeO 3 and LaCoO 3 phases can be formed by similar procedures.
Regarding microstructure, the synthesis of the second oxide phase within the preexisting YSZ matrix has several potential advantages. First, various sintering temperatures can be used in the preparation of the two oxide phases. With YSZ, high temperatures are advantageous for preparing an interconnected network in which ions can pass freely from the electrolyte to the YSZ within the electrode. 9 Obviously, this porous structure can be formed along with the dense electrolyte through the use of bilayers, 20 so that very good connectivity can be established between the electrolyte and electrode layers. Second, a wide range of pore sizes and porosities can be established in the YSZ through the use of various pore formers and YSZ particle sizes. 22, 35, 36 Therefore, it is relatively easy to control the microstructure of the YSZ phase.
Our results demonstrate that the materials made by impregnation cannot be modeled as random distributions of the oxide phases. Because the second phase tends to coat the walls of the YSZ matrix, high conductivities can be obtained at low volume fractions of the conductive oxide. Again, for applications in which it is necessary to limit the amount of conductive oxide that is used, this property can be advantageous.
Finally, the LSC-YSZ composite results demonstrate that it may be possible to form novel, composite oxides for anodes as well as cathodes. Ceramic anodes show great promise for SOFCs that convert hydrocarbons directly, without first reforming those hydrocarbons to syngas; 24 -27,37 however, these oxides are often used in their pure form on electrolyte-supported cells. By impregnating conducting oxides into a porous matrix, it should be possible to make anode-supported cells with thin electrolytes, with enhanced three-phase boundaries caused by good connection between the electrolyte and electrode phases. 
V. Conclusions
We have shown that it is possible to fabricate composite oxides of YSZ with LSM or LSC by impregnation of a porous YSZ matrix with solutions of the metal salts that are precursors to LSM or LSC. The LSM and LSC perovskite phases are formed at temperatures below 1073 K, a temperature low enough to avoid solid-state reactions with the YSZ. The structure of the LSM-YSZ and LSC-YSZ composites made by impregnation is shown to be very different from composites made by mixing the oxide phases, allowing reasonable electronic conductivities to be observed at relatively low concentrations of the conductive oxide. These composite oxides show promise for application as SOFC electrodes.
